I t is estimated that this year 37,170 Americans will be diagnosed with pancreatic cancer and that 33,370 will die from it. 3 Much of the high mortality rate from pancreatic cancer can be attributed to the advanced incurable stage at which most patients present. Yet, a growing body of evidence has made it clear that most pancreatic cancers, like other epithelial neoplasms, start as a curable noninvasive lesion such as pancreatic intraepithelial neoplasia (PanIN) and intraductal papillary mucinous neoplasm. [26] [27] [28] [29] The origin of pancreatic cancer from noninvasive precursor lesions suggests a window of opportunity for a cure, if pancreatic neoplasia can be detected before it invades. A great example of the potential of such approach can be seen with breast neoplasia. Invasive breast cancers arise from morphologically defined noninvasive neoplasms (intraductal carcinoma and in situ lobular carcinoma), and early detection through mammography accounts for half of the reduction in breast cancer mortality over the last 25 years in this country. 7, 12 It is reasonable to hypothesize that new markers of pancreatic cancer could form the basis for an early detection test for pancreatic cancer and its precursors, and that such a test could be used to diagnose presymptomatic disease.
New markers are also needed to aid in the morphologic diagnosis of pancreatic cancer. 29 This is one of the great paradoxes in pathology. One of the deadliest of all solid malignancies, pancreatic cancer, can be one of the most difficult to diagnose. Well-differentiated infiltrating ductal adenocarcinoma can appear better differentiated than the reactive glands of chronic pancreatitis. 29 New markers to aid in the interpretation of pancreatic biopsies are urgently needed.
Global analyses of gene expression in pancreatic cancer have led to the development of a number of potential new markers of pancreatic cancer. 4, 5, 9, 10, 18, 19, [31] [32] [33] 36, 40, 49, 50, 60 For example, mesothelin was identified by serial analysis of gene expression as overexpressed in pancreatic cancer and mesothelin has proven to be a useful diagnostic aid and a therapeutic target. 4, 38, 53 The Affymetrix Company has recently developed a new gene expression array, the Human Genome U133 Plus 2.0 Array, which provides the same coverage as the Human Genome U133 Set, plus it contains 6500 additional genes allowing for an analysis of over 47,000 transcripts (http://www.affymetrix.com/index.affx). This platform has been successfully used to identify a number of disease markers. 6, 44, 57 For example, Osman et al 44 profiled circulating blood RNA from patients with bladder cancer and they identified a set of 7 gene transcripts that could be used to distinguish between patients with bladder cancer and controls.
We applied the new Affymetrix Human Genome U133 Plus 2.0 Array to a series of pancreatic cancers and control tissue and identified 4 gene fragments that were overexpressed in pancreatic cancer compared with the controls. We then evaluated the protein expression patterns of the genes corresponding to these gene fragments in well-characterized tissue microarrays and compared the results of immunolabeling with clinical features including patient outcome.
METHODS
This study was approved by the institutional review board of The Johns Hopkins Medical Institutions (JHMI).
Tissues
Samples (0.5 g) of chronic pancreatitis (n = 4), normal duodenal mucosa (n = 14), and primary infiltrating pancreatic adenocarcinoma (n = 24) were collected from surgical resection specimens from patients at The Johns Hopkins Hospital. 31 The samples were harvested and snap frozen in liquid nitrogen before storage at À 801C. Hematoxylin and eosin-stained sections were examined to confirm the presence of appropriate tissue for the gene expression experiments. The sections of chronic pancreatitis were specifically examined for the presence of neoplastic tissue, including PanINs or invasive carcinomas. For the chronic pancreatitis and duodenum samples, only non-neoplastic tissues were submitted for the analyses. The normal duodenum and chronic pancreatitis samples were included in the analyses to facilitate the identification of markers of pancreatic cancer that would be useful in screening secondary sources, such as in duodenal fluid or stool samples. 14, 17 The neoplastic cellularity varied between 5% and 55%. The resected cancers were not microdissected to foster identification of genes expressed due to neoplastic cellstromal interaction.
RNA Extraction, Quality Control, and Expression Profiling
RNA was extracted from samples by homogenization in Trizol Reagent (Invitrogen, Carlsbad, CA) followed by isolation with a RNAeasy kit (Qiagen, Valencia, CA) as recommended by the manufacturer. RNA was evaluated for quality and integrity (Agilent 2100 Bioanalyzer derived 28S/18S ratio and RNA integrity number), purity (via absorbance ratio at A260/A280), and quantity (via absorbance at A260 or alternative assay). Gene expression levels were assessed using Affymetrix GeneChip Human Genome U133 Plus 2.0 Array (greater than 54,000 probe sets representing more than 47,000 transcripts and variants derived from approximately 39,000 well-substantiated human genes). Two micrograms of total RNA was used to prepare cDNA using Superscript II (Invitrogen) with a T7 oligo-dT primer for cDNA synthesis and an Affymetrix GeneChip IVT Labeling Kit (Affymetrix, Santa Clara, CA). Quantity and purity of cDNA synthesis product was assessed using UV absorbance. Quality of cDNA synthesis was assessed using either the Agilent Bioanalyzer or a 3-(N-morpholino) propane sulfonic acid agarose gel. The labeled cDNA was subsequently fragmented, and 10 mg was hybridized to each array at 451C over 16 to 24 hours. Arrays were washed and stained according to manufacturer recommendations and scanned on Affymetrix GeneChip Scanner 3000 7G. Array data quality was evaluated using a proprietary high throughput application, which assesses the data against multiple objective standards including 5 0 /3 0 GAPDH ratio, signal/noise ratio, and background as well as other additional metrics (eg, outlier, vertical variance), which must be passed before inclusion for analysis. GeneChip analysis was performed with Microarray Analysis Suite version 5.0, Data Mining Tool 2.0, and Microarray database software (available at: http://www.affymetrix.com). All of the genes represented on the GeneChip were globally normalized and scaled to a signal intensity of 100.
Data Analysis
The gene expression patterns of the 24 surgically resected primary infiltrating adenocarcinomas of the pancreas were compared with the 18 non-neoplastic samples (14 duodenal mucosa and 4 chronic pancreatitis) using the GeneExpress Software System Fold Change Analysis tool. 31 For each gene fragment, the ratio of the geometric means of the expression intensities in the normal control tissues and the pancreatic cancer samples was calculated, and the fold change then calculated on a per fragment basis. 31 Confidence limits were calculated using a 2-sided Welch modified t test on the difference of the means of the logs of the intensities. Fragments that were highly overexpressed in the cancer samples as compared with normal (defined as Z5-fold change) and which were expressed in a significant proportion of the cancer samples (defined as expressed in >70% of the cancers) were selected and the genes corresponding to these fragments were identified. From these overexpressed genes, we selected those for which antibodies were commercially available to the corresponding protein product. These were annexin A8, claudin 18, CXCL5, and S100 A2.
Immunohistochemical Labeling
The protein expression of these genes was examined using immunohistochemical labeling of tissue microarrays and whole tissue sections. Tissue microarrays containing a total of 168 different surgically resected infiltrating ductal pancreatic adenocarcinomas of the pancreas and a variety of normal tissues were constructed as previously described. 54 The microarray cores measured 1.5 mm in diameter. Each carcinoma was represented twice in each tissue microarray as was normal pancreas to account for potential tumor heterogeneity. Unstained 4-mm sections of each tissue microarray were deparaffinized by routine techniques before placing in 200 mL DIVA Antigen Retrieval Solution, pH 6.0 (BioCare Medical, Concord, CA) for 40 minutes at 1001C. After cooling for 20 minutes, slides were quenched with 3% H 2 O 2 for 5 minutes, before incubating with the appropriate dilution of each primary antibody [a 1:1000 dilution of rabbit monoclonal antihuman claudin 18 (Invitrogen, clone ZMD 395), a 1:400 dilution of goat polyclonal antihuman annexin A8 antibody (BioVision Research Products), a 1:150 dilution of mouse monoclonal antihuman CXCL5 (R&D Research Products, clone 33160), or a 1:150 dilution of mouse monoclonal antihuman S100 A2 (Sigma, clone SH-L1]. Incubation was overnight at room temperature. Labeling was detected with the BioCare MACH 4 Universal Polymer Detection System for mouse and rabbit antibodies. Dako LSAB+ Detection system (Dako, Carpinteria, CA) was used for goat antibodies following the manufacturers' protocols. Labeling was detected by adding biotinylated secondary antibodies, avidin-biotin complex, and 3,3 0diaminobenzidine. All sections were counterstained with hematoxylin.
Only microarray cores involved by at least 30% invasive carcinoma were scored. The percentage of neoplastic cells that labeled with each antibody was scored, as was the relative intensity of labeling (from 0 to 3+) by a single observer unaware of the patients clinical characteristics. A second observer independently scored a subset of the data. The scores of the 2 observers unaware of the clinical characteristics of the patients were compared and then reconciled at a multiheaded microscope, if different. In the statistical analyses, labeling was considered strong and diffuse if >80% of the neoplastic cells labeled at an intensity of 2 or 3+.
Statistical Data Analysis
Survival analysis included the 168 patients whose cancers were represented in the tissue microarrays. These were all patients with resectable infiltrating adenocarcinoma of the pancreas and they all underwent pancreaticoduodenectomy at The Johns Hopkins Hospital, Baltimore, MD, between 2000 and 2003. For analyses of follow-up we excluded patients with disease left beyond the Whipple margins, either grossly or microscopically, and those with distant metastasis. Time to event analysis was performed measuring overall survival from the date of surgery to the time of last follow-up or death. Patients were censored if they were still alive at last follow-up, with a maximum follow-up of 60 months. Contact with patients, their family or their primary physician to confirm patient status occurred at least annually. All clinical and pathologic patient information is maintained in a regularly updated clinical database with the last observation recorded in April 2007. Two-sided Fisher exact tests for r-by-c tables were used for comparison of categorical characteristics across groups. Cox proportional hazards regression models were used to control the following prognostic features: tumor size 3 cm versus <3 cm, positive versus negative margins, positive versus negative nodes, poor versus well to moderate differentiation, age (analyzed as 3 categories <60, 60 to 70, and >70). 
RESULTS

Patients
The demographics of the 168 patients represented in the tissue microarrays are provided in Table 1 . These patient demographics are representative of all patients treated surgically at The Johns Hopkins Hospital for pancreatic cancer. 47, 59 
Gene Expression
Four genes were selected from the gene fragments found to be highly expressed in Affymetrix analyses. These 4 genes were selected on the basis of the commercial availability of antibodies to the corresponding proteins and included annexin A8, claudin 18, S100 A2, and CXCL5. The Affymetrix analyses revealed that a fragment corresponding to the annexin A8 gene was expressed (''present call'' using the GeneExpress Software System Fold Change Analysis tool) in 92% of cancers, and only 11% of normals. The mean intensity (in relative units) of expression for this fragment was 393 in cancers, and 79 in normals. A fragment corresponding to the claudin 18 gene was expressed in 100% of the cancers, and only 6% of normals. The mean intensity was 743 in cancers, and 19 in normals. A fragment corresponding to the CXCL5 gene was expressed in 100% of the cancers, and 39% of the normals. The mean intensity of expression of this fragment was 1096 in the cancers, and 52 in normals. A fragment corresponding to the S100 A2 gene was expressed in 71% of the cancers and 11% of normals. The mean intensity was 829 in the cancers, and only 27 in the normals.
Claudin 18
Only 4 of 105 (4%) matched control cases containing normal and reactive ducts labeled with claudin 18 with a weak intensity (1+), cytoplasmic distribution of labeling. Antibodies to claudin 18 labeled the infiltrating carcinomas in a membranous pattern, consistent with its reported role as a tight junction protein (Fig. 1) . When compared with normal and reactive ducts, claudin 18 was overexpressed, at least focally, in 159 of 166 evaluable infiltrating carcinomas (96%) ( Table 2 ). Of these 159 cancers, 50% expressed claudin 18 strongly (2 or 3+) and diffusely (>80% of the neoplastic cells labeling). Strong and diffuse claudin 18 overexpression was most often seen in well-differentiated carcinomas, whereas more poorly differentiated carcinomas often labeled focally or did not label. Only 34% of the cases with strong and diffuse (positive) labeling were poorly differentiated, whereas 53% of the cases with weak or no labeling were poorly New Pancreatic Cancer Markers differentiated (P = 0.02). The intense membranous pattern of labeling found in the carcinomas (Fig. 1) was useful in making the distinction between carcinoma and reactive ducts in diagnostically challenging cases. No statistically significant differences were seen with the other clinical parameters listed in Table 3 when the strong and diffuse claudin 18 expressing cases were compared with claudin 18 weak or negative labeling cases. To control for tumor heterogeneity, the microarrays consisted of 2 separately sampled areas of a patient's tumor for each case. When compared with the tissue microarrays, immunohistochemistry performed on the corresponding whole tumor sections demonstrated similar patterns of expression. By Kaplan-Meier analysis, patients whose carcinomas strongly and diffusely labeled with the antibody to claudin 18 had a significantly better survival than did patients whose carcinomas weakly labeled or did not label (log-rank P = 0.013; Fig. 2 ). In the multivariable regression model based on 166 patients, the adjusted Cox proportional hazards regression for patients whose carcinomas expressed claudin 18 strongly and diffusely was 0.52 (95% confidence interval, 0.32-0.84) compared with patients whose carcinomas only weakly expressed or did not express claudin 18. This difference was independent of tumor grade and other known factors associated with pancreatic cancer mortality including tumor size, positive lymph nodes, positive margins, and older age. Additionally, claudin 18 was highly overexpressed in PanIN lesions (Table 4 ). Overall, 98% (51/52) PanINs overexpressed claudin 18 with a similar membranous pattern of expression to that observed in infiltrating carcinomas (Fig. 3 ). Strong and diffuse overexpression was identified in both low-grade and high-grade PanIN lesions (PanIN grades 1 to 3).
Annexin A8
Annexin A8 is a member of a family of calciumregulated membrane-binding proteins that have proposed roles in mediating calcium signaling, and in membrane structure and transport. Weak (1+), punctuate cytoplasmic labeling was observed in the acinar cells of normal pancreatic tissues. Additionally, weak (1+) cytoplasmic labeling of reactive ducts was observed in 13 of 110 (12%) of cases. By contrast, annexin A8 was at least focally overexpressed in 149 of 154 evaluable infiltrating carcinomas (97%). Of these 149 cancers, 69% expressed annexin A8 strongly and diffusely (Fig. 4) . Unlike reactive ducts, the pattern of annexin A8 labeling observed in infiltrating carcinomas was both nuclear and cytoplasmic. No statistically significant differences were seen with the Kaplan-Meier survival curves for patients with pancreatic ductal adenocarcinoma after pancreaticoduodenectomy based on claudin 18 expression. Patients whose carcinomas strongly and diffusely labeled with the antibody to claudin 18 had a significantly better survival than did patients whose carcinomas weakly labeled or did not label, even when controlling for tumor grade (log-rank P = 0.013).
clinical parameters when the strong and diffuse annexin A8 expressing cases were compared with annexin A8 weak or negative labeling cases. Unlike claudin 18, annexin A8 was not overexpressed in low-grade and high-grade PanIN lesions (0/40). S100 A2 and CXCL5 S100 A2, a calcium-binding protein, was at least focally overexpressed in 118 of 154 evaluable infiltrating carcinomas (77%). Of these 118 cancers, 34% demon-strated strong and diffuse overexpression of S100 A2. Non-neoplastic glands also frequently expressed S100 A2 diminishing its potential diagnostic utility.
Immunolabeling with antibodies directed against CXCL5 did not reveal any significant differences in protein expression between infiltrating adenocarcinomas and normal pancreatic ducts. Both well and poorly differentiated carcinomas and benign ducts showed a diffuse, cytoplasmic reactivity.
DISCUSSION
Claudin 18 and annexin A8 are frequently highly overexpressed in infiltrating ductal adenocarcinomas when compared with normal reactive ducts, suggesting a biologic role for these molecules in pancreatic ductal adenocarcinomas. Additionally, claudin 18 overexpression is detected in PanIN precursor lesions. Furthermore, claudin 18 and annexin A8 may serve as diagnostic markers, as screening tests and as therapeutic targets.
The claudins are a large family of tight junction proteins with 4 transmembrane domains. 41 Over 20 claudins have been described and are expressed in epithelial cells from a variety of tissues. Claudins interact with one another to form a branching network that helps create the tight junctions of epithelial cells. 55 Claudins function to produce a seal between cells, and they play a critical role in maintaining cell polarity. 41, 52, 55 Although the biologic role of claudins in cancer is not entirely understood, the abnormal expression of a number of claudins has been reported in a variety of cancer types. 41, 51 Early reports identified the downregulation of selected claudin members in some cancer types. For example, claudin 7 levels are decreased in some breast carcinomas, 35 and in squamous cell carcinomas of the head and neck. 2 In these cases, the loss of cell polarity normally maintained by the claudins likely contributed to tumorigenesis. Other claudins are increased in cancers, including claudin 10 in hepatocellular and papillary thyroid carcinomas, claudins 3 and 4 in ovarian carcinoma, and claudin 4 in pancreatic cancer. 41 Here we demonstrate that claudin 18 protein is also overexpressed in pancreatic cancer, and PanIN lesions, a finding supported by recent reports from Iacobuzio-Donahue et al 32 It has been suggested that the overexpression of claudins in cancers may be related to a tight junction independent function. 24 Recent studies, using human ovarian epithelial cells, have shown that claudin 3 and claudin 4 overexpression may enhance tumorigenesis and metastasis. 24 The overexpression of selected claudins by pancreatic cancer may have therapeutic implications. Our group has previously demonstrated that most of pancreatic cancers overexpress claudin 4. 42 Claudin 4 is also a receptor for the Clostridium perfringens cytolytic enterotoxin, and recent studies in pancreatic cancer xenografts have demonstrated that the C. perfringens enterotoxin causes tumor cell necrosis in vivo. 39, 42 Similarly, the demonstration here that claudin 18 is also strongly and diffusely overexpressed in the majority of pancreatic cancers and their precursors suggests that claudin 18 may also be a useful therapeutic target. 45 Additionally, the detection of PanINs, a precursor to invasive carcinoma, offers a window of opportunity for early surgical resection and treatment of neoplasia before the development of an incurable invasive adenocarcinoma.
It is interesting to note that we found that claudin 18 protein expression was most pronounced in welldifferentiated cancers, because it is the well-differentiated carcinomas that present the greatest challenge diagnostically. Immunolabeling for claudin 18 may be useful in distinguishing the reactive glands of chronic pancreatitis from well-differentiated adenocarcinoma.
Claudin 18 expression levels may also have prognostic implications for patients with pancreatic carcinoma. We found that patients whose carcinomas diffusely and strongly labeled with antibodies to the claudin 18 protein had a significantly better survival when compared with those cancers that had weak or no claudin 18 protein expression (Fig. 2) . The multivariable Cox proportional hazards model suggests a 48% reduction in mortality associated with this labeling pattern, independent of other known prognostic factors including tumor grade, tumor size, positive lymph nodes, positive margins, and older age.
The annexins are a family of calcium-regulated proteins that bind the cell membrane and provide a link between calcium signaling and cell membrane functions. 15, 46 The overexpression of annexin A8 in pancreatic cancer is biologically interesting for several reasons. Annexins have calcium regulatory functions and a number of other calcium-regulated proteins, particularly the S100 family of proteins, are also overexpressed in pancreatic cancers suggesting a critical role for calcium homeostasis in pancreatic cancer. 11, 37, 48, 56 In addition, one of the other annexins, annexin A2, binds S100 A10, and S100 A10 is also overexpressed in pancreatic cancer. 11, 33, 37, 48, 50, 56 Our finding that annexin A8 is overexpressed in pancreatic cancers is supported by other reports that have also identified annexin A8 overexpression by cDNA representational difference analysis and oligonucleotide-directed gene array experiments. 16, 36 The strong and diffuse overexpression of annexin A8 and claudin 18 in the majority of pancreatic cancers suggests that annexin A8 and claudin 18 may be useful markers for pancreatic cancer. For example, we have previously identified a number of proteins that are overexpressed in pancreatic cancer and subsequently some of these proteins have been used to create new diagnostic markers, imaging and therapeutic targets for pancreatic cancer. 1, 13, 42 Using serial analysis of gene expression, we discovered that mesothelin is overexpressed in most of pancreatic cancers, and several clinical trials are now underway treating pancreatic cancer by targeting mesothelin. 4, 20, 22, 30, 51, 53 Similarly, mesothelin has also proven useful in evaluating difficult pancreas biopsies and cytology samples, and mesothelin may be useful as an early detection marker for pancreatic neoplasia. 8, 21, 23, 25, 34, 38, 43, 58 In summary, we report the overexpression of 2 new proteins in pancreatic cancer. Claudin 18 and annexin A8 may serve as diagnostic markers, as screening tests and as therapeutic targets.
